The huiC gene ofPseudomonas putida encodes a repressor which, in combination with the inducer urocanate, regulates expression of the five structural genes necessary for conversion of histidine to glutamate, ammonia, and formate. The nucleotide sequence of the huiC region was determined and found to contain two open reading frames which overlapped by one nucleotide. The first open reading frame (ORF1) appeared to encode a 27,648-dalton protein of 248 amino acids whose sequence strongly resembled that of the hut repressor of KkebsieUa aerogenes (A. Schwacha and R. A. Bender, J. Bacteriol. 172:5477-5481, 1990) and contained a helix-turn-helix motif that could be involved in operator binding. The gene was preceded by a sequence which was nearly identical to that of the operator site located upstream of hutU which controls transcription of the hutUHIG genes. The operator near huiC would presumably allow the hut repressor to regulate its own synthesis as well as the expression of the divergent hutF gene. A second open reading frame (ORF2) would encode a 21,155-dalton protein, but because this region could be deleted with only a slight effect on repressor activity, it is not likely to be involved in repressor function or structure.
Gene expression in microbial histidine utilization (Hut) systems is controlled by a number of mechanisms that respond to changes in growth conditions. Positive regulation by the cyclic AMP (cAMP)-catabolite gene activator protein (CAP) complex has been observed in some species (19, 24) , but succinate-provoked carbon catabolite repression of hut genes in Pseudomonas putida and Pseudomonas aeruginosa occurs by a poorly understood mechanism that is not dependent on intracellular cAMP levels (22) . Positive regulation in response to the nitrogen source also occurs (23) .
In addition to these global regulatory mechanisms, hutspecific regulation is accomplished by either positive or negative regulatory proteins. In Bacillus subtilis, all of the hut genes belong to a single operon which is controlled by a positive regulator (15, 20) . In Klebsiella, Salmonella, and Pseudomonas spp., the hut genes are organized into multiple transcriptional units and are under negative control by a single repressor protein, the hutC gene product (4, 10, 16, 28) . In these organisms, urocanate, the product of the first step of the pathway, serves as the inducer for all of the hut genes. Furthermore, in Pseudomonas putida, the hutG gene, which encodes the last enzyme of the pathway, also has the ability to be induced by its substrate, N-formylglutamate (12) . This has led to the proposal by Hu et al. that the hut repressor is a bifunctional molecule capable of binding two different operator sequences and two inducer molecules (12, 13) . Evidence that the P. putida hut genes are regulated by a single repressor has been provided by the generation of mutants that produce all of the hut enzymes constitutively (12, 16) as well as mapping by subcloning into Escherichia coli (8, 13) .
It has been shown recently (11) that the P. putida hut repressor binds to three different regions of DNA corresponding to potential regulatory sites for the hutUHIG, hutF, and hutG transcripts. The site preceding hutG showed much weaker binding than the other two sites and required a * Corresponding author.
higher concentration of inducer (urocanate or N-formylglutamate) to relieve binding. The apparent hutF regulatory site is in the region between the divergent hutF and hutC (repressor) transcripts (13) , but it has not been demonstrated directly that the hut repressor uses this site to regulate its own synthesis as well as that of hutF.
Physical mapping of the hutC region has been accomplished by transposon TnJOOO insertion mutagenesis and subcloning studies (13) . These studies indicated that hutC lies within a 1.7-kilobase (kb) region flanked on the upstream end by an EcoRI site and on the downstream end by a SalI site.
In this report we show that the nucleotide sequence of the region of DNA previously reported to contain the gene (hutC) for the hut repressor (13) contains two open reading frames that are potentially involved in regulation of hut genes, although only the first of these is required for in vitro binding at the hutUHIG operator site. Also, a probable repressor-binding site exists in the region immediately upstream from the start of the first open reading frame, suggesting the ability of the hut repressor to regulate its own synthesis.
MATERIALS AND METHODS
Strains and plasmids. The cloned DNA used in this study was originally from P. putida PRS1 (ATCC 12633). Molecular cloning of the hut genes was described earlier (8) . E. coli strains used as hosts for recombinant plasmids are shown in Table 1 . The strains RDP210 and RDP145 were used to propagate pBR322 derivatives. TB1 was used as the host for the pUC8-derived constructions. The host for all pPLlambda derivatives was N4830.
The construction of plasmid pMC4, which contains the genes for urocanase, histidase, and the hut repressor, was described previously by Consevage et al. (8) .
Enzymes (2) and partially digested with Sau3AI to produce a mixture of overlapping fragments. This mixture was used in the ligation reaction with the plasmid vector pUC8 which had been cut with BamHI, producing compatible ends for ligation. This resulted in the construction of several clones with inserts of different sizes and the same polylinker restriction sites flanking the insert in each clone. The plasmids pSA1, pSA5, pSA7, and pSA12 each contained inserts derived from pMC4 ( Table 1 ). E. coli RDP210 (pSA1), RDP145 (pSA5 and pSA7), pUC8 (pSA12 and other pUC8 constructions), and N4830 (pPL-lambda derivatives) were transformed by the CaCl2-RbCl method (17).
Plasmid preparation and DNA sequencing. Plasmids were isolated from 2-liter cultures grown at 30°C in LB broth containing ampicillin (50 ,ugIml) and amplified overnight with chloramphenicol (170 ,ug/ml) as described before (17). Cells were harvested and washed, and plasmids were obtained by the alkaline lysis method (17) and purified by CsCl equilibrium density gradient centrifugation in a Beckman L8-70M ultracentrifuge at 45,000 rpm for 36 h at 20°C with an 8OTi rotor. DNA sequencing was done by the chemical cleavage method of Maxam and Gilbert (18) . When pUC8-derived constructions were used, the Sall, AvaI, HindIII, and EcoRI sites of the polylinker region were used to cut out and label the insert DNA. In some cases, fragments from pSA1, pSA5, PSA7, and pSA12 were used to complete the sequence of both strands and to confirm the ordering of fragments at the Sau3AI sites.
Repressor assay. Repressor assays were carried out by the filter technique described previously by Johnson et al. (14) with the modifications of Hu et al. (11) . Cultures were grown at 30°C in L-broth to 200 Klett units and shifted to 42°C. After 2 h the cells were harvested by centrifugation and suspended in 0.5 ml of TEDG buffer (10 mM Tris hydrochloride [pH 7.5], 0.1 mM EDTA, 0.1 mM dithiothreitol, 100 mM NaCl, and 10% glycerol). Crude extracts were prepared by sonic treatment as described before (11) . Protein was determined by the method of Bradford (5) with ovalbumin as a standard. Various DNA fragments were isolated from pMC4, labeled by nick translation (17), and assayed for DNA-binding ability by using various amounts of repressor in the presence or absence of 5 mM urocanate.
RESULTS
Nucleotide sequence of the hutC region. Several subclones of the plasmid pMC4, which contains a functional Hut repressor gene, were constructed in order to facilitate sequencing of the hutC locus. Figure 1 shows the retationship of these subclones to the parent plasmid. The organization of the hut genes was described previously (13) .
The nucleotide sequence of the hutC region was determined in both strands and is shown in Fig. 2 (27) . The two sequences showed several regions of strong sequence conservation pSA5 (Fig. 3) , including a portion of the putative DNA recognition region (Fig. 4 Fig. 2. ORF2. The two open reading frames identified in the DNA sequence were contained within a 1,549-bp HpaI-SspI fragment. The plasmids pSA13 and pSA14 were constructed by ite for the Pseudomonas 30S ribosome (9) . The second open inserting this fragment in both orientations into the HpaI eading frame (ORF2) was 570 bases long and had the cloning site of pPL-lambda (Fig. 5 ). These plasmids were apacity to encode a polypeptide with a molecular weight of then used to transform E. coli N4830, which encodes a 1,155. The ATG initiation codon of ORF2 overlapped the temperature-sensitive lambda repressor that allows expres-'GA termination codon of ORF1, and they were in different sion from the PL promoter when the temperature is raised eading frames. ORF2 also had the sequence AAGGA from 28 to 42°C (26) . oreceding it, indicating that it has the potential to be trans-
The ability of crude extracts of N4830(pSA13) and ated.
N4830(pSA14) to bind the hutUHIG operator site was tested Both ORFi and ORF2 showed a biased codon usage, with by using the nitrocellulose filter assay (11 (8, 12, 13) , '0 and 45 bp, respectively, upstream from the beginning of confirm that the sequenced region contains the gene for the )RF1, resembled the common -35 and -10 consensus hut repressor and that the gene is oriented in the predicted equence for bacterial promoters (25) and constituted a direction. ikely promoter site for the hutC transcript. Adjacent to this When a 2.9-kb XhoI fragment containing the hutG operaoutative promoter region was the sequence CTTGTATATA tor (11) was used as a probe to measure binding to this "ATA, which is nearly identical to the sequence CTTGTA operator, specific binding activity was not observed in the "ATACAAG that was shown previously to be part of the crude extracts from either N4830(pSA13) or N4830(pSA14) ecognition site for binding of the Hut repressor protein (11) .
(data not shown). This may be attributable to the previously t appears that RNA polymerase and Hut repressor would observed lower affinity of binding to the hutG operator than ompete for binding in this region.
to the hutUHIG operator (11) , causing the signal to be The region extending from nucleotides 1516 to 1543 (Fig. obscured by other nonspecific interactions in the crude was a G+C-rich symmetrical sequence which should be extracts. apable of forming a strong hairpin structure. Analysis of Deletion of ORF2 region. The plasmid pSA13 contains his region was performed on a VAX 3600 computer with the three BssHII sites within the insert DNA. The first is 'erminator program (University of Wisconsin Genetics approximately in the middle of ORF1, the second is 17 bp 'omputer Group). By the algorithm of Brendel and Trifonov downstream from the end of ORF1, and the third is 64 bp 6, 7), a likely transcriptional termination site was found with downstream from the end of ORF1. Three different deletion p-(primary structure) value of 3.56 and an s-(secondary subclones were constructed by using these BssHII sites ( portion of ORFi and none of ORF2 was present. Deletion of the 454-bp region between the first and second BssHII sites left the N-terminal portion of ORF1 intact, and although most of ORF2 was present in this construction, the N-terminal end of ORF2 was deleted, so that translation of ORF2 would not be expected to occur in this construction. Deletion of the 616 bp between the second and third BssHII sites left all of ORFi intact but eliminated all but 17 bp of ORF2. When a probe containing the hutUHIG operator was used to carry out filter assays on crude extracts of temperatureinduced cells, the 1,070-and 454-bp deletions resulted in the loss of observable repressor activity, but the 616-bp deletion, in which ORF2 was selectively removed, did not cause in vitro binding activity to be lost (Fig. 6) . It therefore appears that ORF2 is not essential for hut repressor activity at the hutUHIG operator site.
DISCUSSION
The nucleotide sequence of the hutC region revealed the existence of two open reading frames capable of encoding polypeptides with molecular weights of approximately 27,000 and 21,000. The product of the first open reading frame appears to contain a potential helix-turn-helix motif, which is characteristic of procaryotic DNA-binding proteins. We predict that this region will prove to be important for the recognition and binding of hut-specific operator sites. Hu et al. (11, 12) (21) . Although the role of ORF2 is less certain, it appears that it would be included in the same transcriptional unit as ORF1, allowing the synthesis of these two polypeptides to be coordinated. One possible role of ORF2 might be to encode a second subunit of a heteromeric repressor protein composed of the ORFi and ORF2 gene products. However, the fact that this region can be deleted entirely with little effect on binding at the hutUHIG operator site makes this unlikely. Nevertheless, further analysis with purified protein may reveal an involvement of ORF2 with the binding at the hutG operator which could not be observed in the filter assay with crude extracts. Alternatively, the ORF2 protein might be a separate regulatory factor that somehow modifies or enhances the effect of the hut repressor. Either of these possibilities, if found to be true, would have interesting implications pertaining to the proposed bifunctional nature of the hut repressor (12) .
The observation that the 5'-flanking region preceding (13) has shown that the hutF gene maps close to, and is oriented in the opposite direction from the hutC gene. It is also known that expression of hutF is controlled by the hutC gene product and is inducible by urocanate (8, 13, 16) . We have preliminary evidence that the promoter site for the hutF transcript is located in this region. It can therefore be speculated that a single repressor-binding site might serve to function as a regulatory locus for both the hutC and hutF transcripts. Several other examples of regulation of divergent promoters by a single regulatory protein have already been encountered (1).
